UNCLASSIFIED 


MASSACHUSETTS  INST  OF  TECH  CAMBRIDGE  RESEARCH  LAB  OF—ETC  F/6  20/6 
DIFFRACTION  OF  OPTICAL  BEAMS  WITH  ARBITRARY  PROFILES  BY  A  PERIO— ETC<U) 
APR  79  R  S  CMU»  J  A  K0N6  OAA629-76-C-0020 


ADA0  83 


_ unci ass  inrn _ 

SECURITY  Cl.  ASSIHC *  TlON  O*  TH|r.  P/i^C  'When  tUita  /  i.f'-frf) 

I  REPORT  DOCU;.,i:HTATION  PAGE 


I  I.  REPORT  NUMBER 


p  » prr  I  ri:.\ i>  i.vsTj 

1  AtjL _ ! _ HKI-ORK  fOMl'l 

T2.  GOVT  ACCESSION  NoJ  3  Ilf  CIPII. NT'S  CAT  Al. 


I  4.  TITLF  (and  Subtitle) 


'I FRACTION  Of  OPTICAL  JF.AMS  WITH ARBITRARY 
.ROITLES  BY  A JtRIODICALLY  MODULATED  LAYER 


5.  TYPE  Or  REPORT  &  PERIOD  CCVEkCD 


Reprint 


t.  PERFORMING  OHG.  Hit  ORT  NUUUC. 


7.  AU  THOK(m) 


8.  CONTRACT  OR  GRANT  HUMPED;., 


*  iR.S.  Chu  arttl  J. A.  Kong 


DAAC29-78-C-0020 


9.  PERFORMING  ORGANIZATION  NAME  ARC)  ADDRESS 


10.  PROGRAM  EL  f  WENT.  PNDJl  ::T,  TAS-. 
AREA  6  VlORK  UNIT  NUMBERS 


Research  Laboratory  of  Electronics  ' 

Massachusetts  Institute  of  Technology  ij 

Cambridge,  MA  02139  ' 


M.  CONTROLLING  OFFICE  NAME  AND  ADDRESS  /V - . 

U.S.  Army  Research  Office  7 

P.0.  Box  12211  ISJ 

Research  Triangle  Park,  NC  2770S 


14.  MONITORING  AGENCY  N  AML  6  AUDRESSfif  different  from  Controlling  Office)  15.  SECURITY  CLASS,  (of  •  hit  report) 


il  j  *  ■  /  -  ■ 


12.  REPORT  DATE 

January  1980 


13.  NUMBER  OF  PAGES 

7 


Unclassified 


ISa.  DECLASSIFICATION  DOWNGRADING 
SCHEDULE 


16.  DISTRIBUTION  STATEMENT  (of  this  Report) 


Approved  for  public  release;  distribution  unlimited 


17.  DISTRIBUTION  STATEMENT  (of  the  abstract  entered  in  Block  20,  it  different  from  Report) 


18.  SUPPLEMENT  AKY  NOTES  > 

r  , 

t 

Reprinted  from  J.  Opt)  Soci  Am.,  Vol .  70:1,  1-6  (1980) 


r. 


19.  KEY  WORDS  (Conlinue  on  reverse  side  if  necessary  tuid  Identify  ><y  block  number) 

Optical  beams 
■  Arbitrary  profiles 

Modulated  layer  E. 

C  a  20.  ABSTRACT  ( Continue  on  reverse  side  If  necessary  and  Inentify  by  block  mimbet)  — .  ,  -  -  .  .  -  r 

f  ^  The  problem  of  diffraction 

of  optical  beams  with  arbitrary  profiles  by  a  periodically  modulated  layer  is 
1  studied  for  incidence  at  normal  or  at  the  first  Bragg  angle.  It  is  shown  that  tin 
far-field  patterns 'of  the  nth  diffracted  order  of  the  transmitted  and  reflected 
waves  are  simply  the  algebraic  multiplications  of  the  angular  spectral  amplitude 
of  the  beam  profile  and  the  transmission  and  reflection  coefficients  for  the 
nth-order  diffracted  plane  wave.  Numerical  results  are  illustrated  for  six 
different  beam  profiles. 


00  /AnW73  14/3 


EDITION  OF  I  NOV  CS  |b  OI.SOLETC 


UNCLASSIFIED 

SECURIT  Y  C L  Aral  fTcaTiON  oT  ThIS  FLgV ~f">iTn  }v;,r »  |7|.  I 


Diffraction  of  optical  beams  with  arbitrary  profiles  by  a  periodically 

modulated  layer 

R.S.  Chu 

Ground  Systems  Group,  Hughes  Aircraft  Company,  Fullerton,  California  92634 

J.  A.  Kong 

Department  of  Electrical  Engineering  and  Computer  Science  and  Research  Laboratory  of  Electronics,  Massachusetts  Institute  of  Technology, 

Cambridge,  Massachusetts  02139 
(Received  28  April  1979) 

The  problem  of  diffraction  of  optical  beams  with  arbitrary  profiles  by  a  periodically  modulated 
layer  is  studied  for  incidence  at  normal  or  at  the  first  Bragg  angle.  It  is  shown  that  the  far-field 
patterns  of  the  nth  diffracted  order  of  the  transmitted  and  reflected  waves  are  simply  the  algebraic 
multiplications  of  the  angular  spectral  amplitude  of  the  beam  profile  and  the  transmission  and 
reflection  coefficients  for  the  nth-order  diffracted  plane  wave.  Numerical  results  are  illustrated  for 
six  different  beam  profiles. 


INTRODUCTION 

The  diffraction  of  a  plane  wave  by  a  periodically  modulated 
medium  has  been  treated  extensively  in  the  past.1  s  For  a 
layer  hounded  by  different  media  on  its  two  sides,  the  dif¬ 
fraction  problem  for  arbitrary  angle  of  incidence  has  been 
studied  with  a  rigorous  modal  approach  by  Chu  and  Kong.4 
A  simple  second-order  coupled-mode  approach  that  yields 
closed-form  solutions  for  the  reflection  and  transmission 
coefficients  has  been  given  by  Kong.5  For  a  plane  wave  in¬ 
cident  in  the  vicinity  of  normal  incidence  and  in  the  Raman- 
Nath  regime,  I,eefi  ohtained  a  simple  closed-form  formula  for 
reflection  and  transmission  coefficients. 

fn  a  series  of  previous  papers,"  9  analytical  and  numerical 
results  have  been  given  for  the  diffraction  of  optical  beams 
with  a  Gaussian  profile  incident  near  Bragg  angles  on  a  pe¬ 
riodically  modulated  half-space7  H  or  a  finite  layer.9  Both 
near-field  and  far-field  solutions  have  also  been  obtained  by 
integrating  over  an  appropriate  plane-wave  spectrum,9  and 
the  numerical  results  qualitatively  agree  very  well  with  the 
experimental  observations  performed  by  Forshaw.10 

In  this  paper  we  investigate  the  diffraction  of  optical  beams 
with  arbitrary  profiles  incident  either  normally  or  at  the  first 
Bragg  angle  on  a  finite  layer  of  a  periodically  modulated  me¬ 
dium.  The  far-lield  patterns  of  the  nth-order  reflected  and 
transmitted  waves  are  shown  to  he  simply  the  algebraic  mul¬ 
tiplications  of  the  angular  spectral  amplitude  of  the  incident 
beam  profile  at  the  entrance  plane  and  the  reflection  and 
transmission  coefficients  of  the  nth-order  diffracted  plane 
waves.  Numerical  results  are  illustrated  for  six  different 
beam  profiles. 

I.  FORMULATIONS  FOR  INCIDENT,  REFLECTED, 
AND  TRANSMITTED  BEAMS 

As  shown  in  Fig.  1,  we  consider  a  bounded  beam  incident 
on  a  periodically  modulated  dielectric  layer  which  is  charac¬ 
terized  by  a  permittivity  of  the  form 

rtz)  =  fad  +  M  cos2trr/d),  (1) 

where  <•_.  is  the  relative  permittivity  of  the  slab  in  the  absence 
of  modulation,  M  is  the  modulation  index,  and  d  is  the  peri¬ 
odicity.  The  slab  has  a  thickness  I,  and  is  bounded  by  a  di¬ 
electric  medium  with  relative  permittivity  < i  for  x  <  0  and  by 


another  dielectric  medium  with  relative  permittivity  c:t  for  L 
<  x. 

The  electric  field  of  an  incident  beam  can  be  represented 
by" 

F„u(x,z)  =  J'  ll(fia)  exp/lfu'x  +  l1tg)d(1v,  (2) 

where 

fio  =  (2zr/A)\  r  |  sinfl 

and 

=  ( 2 7T / A ) v/  <  1  cos II  =  v  (2tr/A)-(,  -  . 

The  function  (Upo)  is  the  angular  spectral  amplitude  of  the 
incident  beam  profile  at  the  entrance  plane  x  =  0,  i.e.. 

(•((in)  =  —  r  A'in  ,((),z)c~‘,u*dz.  <•'!) 

2tr  J— 

We  let 

Em,(0.z)  =  FU)e‘>':.  (4) 

where 

b  -  (2tt/A)\  < |  sinfl,',1 '  =  (2tt/A)\  r.(  sintC 

and  C  is  the  angle  of  incidence  of  the  (team  axis.  O'i"  the  angle 
of  refracted  beam,  and  Fit)  the  beam-profile  function  at  x 
=  0.  Equation  (2)  becomes 

(;(/!„)  =  —  f*  FU)c-‘^'-h,:d;.  (5) 

27T 

The  six  different  beam  profiles  Fit)  and  their  corresponding 
angular  spectral  functions  G(da)  to  be  considered  later  are 
listed  in  Table  I. 

The  integral  representation  (2)  for  the  incident  beam  ap¬ 
pears  here  as  a  linear  superposition  of  plane- wave  spectral 
components  of  the  form 

expi({!,"x  +  d.K  I 

with  amplitude  For  each  plane-wave  component  in¬ 

cident  upon  the  periodic  layer,  the  reflect  ion  and  the  trans¬ 
mission  coefficients  for  the  nth-order  wave  are  given  by 
and  7’,, t/fn).  respectively.  Therefore,  the  nth-order  trails 
mitted  beam  is  given  by 


I 
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Equations  (61  and  (7)  are  the  field  expressions  for  the  trans¬ 
mitted  and  reflected  fields. 


E,, Ax.!) 


where 


J '  (i'(fii)T,A/hi>  expil£;"(x  -  /.)  + 


v  >  /.  (6) 


d„  =  liii  +  n'lnld 


and 


)d,i„. 

x  <  I)  (7) 


As  already  shown, the  far-field  pattern  of  a  particular  order 
is  essentially  the  Fourier  transform  of  the  aperture  Held  at  the 
boundary  of  the  layer  for  that  particular  order.  The  far-field 
pattern  of  the  nth-order  transmitted  beam  is  given  by 

l‘,nU>)=J'  E,„(l..z)  exp|— i |<27r/A) v  eisinff|^|cte.  (9) 

Substituting  (6)  into  (9),  we  have 

/',„<«>  =  x:x:  CUUTnifin) 

X  expj/|/f„  +  n  ^  ~  v'Tiisin  flj  2  dft„dz 

—  ^  a  (da)  t „  (/io) 

x(x:H'K+''f-Tv-sin4 


(fcjddo 

2tr 


(2  ir  _  2ir\  (2ir  —  . 

=  ‘>k(!  I  —  v  r.isinfl  -  n  —  I  /„  I—  \  Oisinw  -  n  ^ 

(10) 

In  (10)  we  observe  that  the  integral  in  the  braces  is  in  fact  a 
a  function.  Similarly,  the  lar-field  pattern  of  the  nth-order 
reflected  beam  is 


5!,"  =  v’(2rr/A)-f;i  -  fi;, . 

The  nth-order  reflected  beam  is  given  by 
Ern (,v,2 )  =  J"  (UtiMl.Ad,,)  expi(-i;,"x  +  d„z 

where 

TABLE  I  Beam  profiles  F(z)  and  their  corresponding  angular  spectral  functions  Qd0) 


=  J'  f;m(0.2)exp|-(  \~  \  < l sinrtj  2 


d: 


,r 


(,i„l«„(/io) 


lx: 


exp 


i  |  do  +  n  ^7  -  \  f  i  si«W|  2 

a  A 


r/2 


c/X> 


(2tr  —  .  „  2ir 
=  2 7r  (i  I—  y  ( i still)  -  n  — 


2ir  _  2jt\ 

X /?„  —  ^  r ,  sinfl  -  n  —  .  (ID 
A  d 


/•'(.') 


<•'(  d«t 


(iaussian  beam 

j.  - 1«.'’  It  .*>:• 

IV, , 

\  7T 

Square -wave  beam 

Pz  If.,!.-  1  =  j 

[l.|.-|  s  Jlf„ 

gif,, 

sin|*2(t>'tl  -  h  l  U  oS 

!<).|c  |  >  21V,, 

7T 

gl.j„  -  Mil',, 

Triangle  wave  beam 

1 VI,,  |-|  <  llf„ 

0.  |.'|  >  llf„ 

glf„ 

/sin|2td(i  -  /> > U',.| 

.7 

l  g|d„-/>ilf„ 

Two-side  exponential  beam 

gif,, 

1 

n 

1  +  |2td„-  Mlf„| 

One-side  exponential  beam 

m„c, 

•»".  -  >  (1 

g\V„ 

1 

|o.  *<0 

M 

1  -  > -tl.-i,,  -  /.ill,, 

borentzian  lieam 

1 

:ilf„ 

1  t(lir.-/:t 

If,.)' 

1 
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Hence  the  (ar  licit  i  [mtlrnr-  of ihi-  nib  diffracted  order  ol  I  he 
traiisudlled  and  the  reflected  beams  are  simply  the  ii/gebruir 
rniillipliiulwn s  given  hy  I  lot  and  ( 1  I  r.  respectively. 


II.  RESULTS  FOR  NORMAL  INCIDENCE 

for  an  optical  beam  incident  normal  to  tile  bonndarv  of  (he 
modulated  layer,  we  have  d,‘,;'  =  H'„  '  =  tr  and  A  -  ti;  thus  the 
tar  field  patterns  for  tile  zet'oi  it  order  reflecled  and  traits 
milted  beams  are  given  b> 


/  2tt  ) 

-  y  (  .Sind 

|  R..  1 

■  ■  y  i  •  sind] 

l  A 

!  x  ) 

1 2rr  \ 

'27T  I 

y  <  .sind 

7' ,  | 

r  y  ,  smd 

l  A  I 

l  A  1 

The  fur-field  patterns  for  the  nth-order  reflected  and  trans¬ 
mitted  beams  are  given  by 

,(Ad)  *  dirt/ \  r.-sinAhcostf.1') 

X  R,  |r-*  y  7isinA»cosf/"  j.  r  l-tl 
If,,  l  Ad  t  *  'Ixli  j—  \  r  ;sinAd  cosd'.  j 

X  7’,,  y  (  ;sinAd  cosd|, '|.  (15) 

where 

«!,"  silt"1  /sin/7,‘,1 '  +  n  -  =  sin"1  fn  -  tidal 

\  d  y  r  J  \  d  y  t  ,1 

d',;1'  "  sin"1  fsindrt"  +  n  -  — — j  =  sin"'  (n  -  — -].  t  Kill) 

\  d  y  (  ,/  \  d  y  r:1/ 

Ad  =  l)  —  ll\y  for  reflected  beams.  Ad  =  d  —  d;  '  for  transmitted 
beams,  and  )  Ad|  «  1. 

The  reflection  coefficient  H.  bid  and  transmission  c< effi¬ 
cient  7 (-fa  for  a  plane  wav  e  inerdi-nt  at  an  airs  le  d  such  that 
|  d|  «  i  °  can  be  obtained  by  solving  t  be  mat  rt  \  equal  ion  <  15  > 
of  Kef.  I  with  proper  truncation  For  I  he  ease  of , .  =  <  .  whin 
a  plane  Wave  is  incident  at  an  angle  close  to  normal  incidence 
and  is  in  the  Unman -Nath  regime,  a  simph  closed  lotm 
three- mode  lortmtla  for  the  reflection  coeffiv  ient  II,  ami  tin- 
transmission  coefficient  T„  has  been  obtained  by  Lee'  ,i- 
lollows: 

<U+Rn  =  L  UmJ)* 

t 

+  (171 

<v=l 

-  (m")~  />r,(  l  -  >|, 


\  {;  +  /.?«  —  « i »/« i .  inter 

h,„  ~  \  in  + /."«:!  -  ( i  l/r  |.  (I9d) 

i«  =  v  r~d?,.  1 1 9c  I 

d.  =  +  iiL'm/.  •/,,  =  (I'a-zAty  C.  sind,  1 1  Hi* 

ami  A  is  obtained  by  solving  the  following  equation: 

i  <’  i  -  i/.  t-  A  ,  *  A  ,  ptA .)  -t  |A  ,  +  A  q/, ,  +  A  „i 

-  2<A,a ..t/,2»  1 1 A  i-  A,,,/,.  A  *  t  I  2>A.,i  ALA 


+  A  ;  i  =  (I  1201 

The  inner  ions  lm"l '  in  1 171  ( 181  arc  given  below: 

.  VI A  =  ( “tn/A  ‘  j|4  -» ( - 1  .2)4  *  r  1  .A)l>  I)  • 

-  4*<I.2i.4  — l.:ii/y!//:l|.  cju 
( rti '.!)*  =  ( So/A'1  )|4  *1  —  1,1  )4 1  ( 1  .:<,)!) ; 1 1)\ 

-  .41(l.lMt(-].;n/7j/i.V1|.  inn, 

t m!!>*  =  (-t«t‘A,  )|.l  i(-l.|  id  * ( 1  •/>•, 

-  .-1 1 1 1 . 1  r.4 1 1  —  1 .21/)  }/t;  ‘].  (n:!, 

.4  Mii.al  =  (J,,  +  A., *  ±  l£„  ~  li„l e“...t  ,  to.,, 

A1  =  AM-Ulftf  ,(.41«l.2l.-t  ‘<l..W>! 

-  4*(0.:iM1(1.2)/bl|  -  4  t(-1.2)/)7,(4*io.l  1.4  <(  i,;t|/i1 

-  4 *(0.:»)4iU.Il/>!|  +  4 * <  —  1  .:$)/> 7 1 1 4 1  (0. 1) 4 +  <  1  .A  1/ > A 

-  4  * (0.2)4 *(  1 .1  )/>j|.  (25) 

As  an  example,  consider  a  plane  wave  at  normal  incidence 
upon  a  periodically  modulated  layer  with  the  following  pa¬ 
rameters:  <  t  =  <g  =  (a  =  1 .(),  \  =  0,t;.T_>8  pm.  d  -  I>.:l28pm,  A  /. 
=  7(H)  tor  /.  =  70.4992  pm),  and 

V  =  2rrA/./y  7".d-  =  7. 

(<7  is  a  structure  constant  defined  hy  Klein  and  Cook-'  such 
that  in  the  Unman- Nath  regime  <7  is  much  greater  than  unity. ) 
1'he  zeroth  and  the  first-order  transmitted  intensities 
=  i  and  /,  =  |  7\  1 1  -  as  functions  of  Af  or  r  =  tr/.d/y  i  A 
computed  from  (ISt  arc  quite  accurate  vt|)  to  r  -  2  tl.  com 
pared  with  the  results  obtained  In  modal  solution  |Kq  t-t.'il 
ct  lief.  !;. 

I'hr  transmitted  beams  ami  the  reflected  beams  tor  the 
( '•atissiatt  beam  pmfilc  are  shown  in  Figs.  2  and  >.  respect tvelv . 
Two  east  s  of  modulation  index,  namely.  M  -  2  8  10  'am!  M 
-  •">  X  10  .  have  been  given.  Note  that  Ad  =  d  for  the  zeroth 
order  licam  and  Ad  =  III  -  II.. ,  t  for  the  first  order  (ream  where 
d  i  =  sin  M-X/dl  =  —5.7892°  and  that  the  settle  for  reflected 
beams  is  magnified  by  a  factor  of  1000.  Figure  4  shows  the 
amplit tides  of  the  first -order  transmitted  beams  for  six  dif¬ 
ferent  beam  profiles.  The  modulation  index  M  =  5  X  10  :i 
and  W„  =  7r W„/d  =  5oo.  We  observe  that  a  square-wave 
beam  profile  gives  high  side-lobe  ripples  while  a  Lorentzian 
beam  profile  gives  very  wide  beam  width. 
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FIG  4.  Amplitudes  of  the  first-order  transmitted  beams  for  six  different 
beam  profiles,  ri  =  <3  =  <3  =  1.0,  X  =  0.6328  pm,  d  =  6  328  pm,  k0L 
=  700,  M=  5  X  10’3,  Wo  =  500,  0  =7 


-006  -004  -002  0  00  0.02  0.04  0  06 

A8  =  8-8 0  or  fl-8_|  (degress) 

FIG.  2  Transmitted  field  amplitudes  for  a  normally  incident  Gaussian 
beam  r,  =  <2  =  r3  =  1.0,  X  =  0  6328  pm.  d  =  6  328  pm,  M-  =  700,  Wb 
=  jr  Wo/d  =  500,  0  =  7. 


The  far-field  pattern  for  the  zeroth-order  transmitted  beam 
is  given  by 

P,n(0)  =  2ttG  (f  y/fit  sinf/j  T«  v^<a  sinflj,  (26) 
and  the  far-field  pattern  for  the  Bragg  scattered  beam  by 
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A»<  8-8„  or  (degree*) 

FIG.  3.  Reflected  field  amplitudes  for  a  normally  Incident  Gaussian  beam. 
fi*ft*fj*  1.0,  X  =  0.8328  pm,  d  =  8.328  pm,  k<,L  =  700,  Wo  =  500. 
0=7. 


/’r-i(fl)  =  27rfi’  y 'r:,  sinf)  +  7’- 1 1" 


2tf  _  2  ir 

~  \  <;<  stuff  +  --  . 

X  a 


where  the  transmission  coefficients  /’< i  anti  7  _i  have  been 
given  in  Ref.  5  as 

7’n  =  4/>-“1(tt2  -  <(|)(«|/4m,  -  oefl(,s)  expf-  ft;  !|,  ft) /I  Jet. 

(281 


7'-i  =  4fc !,(<«■>  -  <>t)(r4h„  -  B/,„)  exp<-ifcJ,ft)/Uet, 

(29) 


Det  =  (M„„  -  oi/f„„ ) (tv 1 4 -  a>Rbb) 

-  U\l1>{Aab  -  hab)(Aba  ~  Rba  )  (60) 

«,  =  I0-.  -  VS  +  Ktfi  -  <©*  +  (^flf2)-|'/2l.  (61) 

M  R2(2 

«2  =  r^r-  I02-,  ~Vl~  |(0-i  -  VI)2  +  (A#fcfra)*|'"|.  (62) 


B„„  =  feL  1  + 


,L(,+ft)(,+S) 

X  |exp  (-iki,L)  -  ft°fft°:"  exp(ft?3,ft)|.  (63) 

4+t)(,+t) 

X  |exp(-i7fU)  "  exp(iX' '!,/.)],  (34) 

ftf,"  =  ***  ~  p,a  =  o.h,  tj  =  1,2,3,  (3ft) 

"  *f,  +  K 

k'u  =  feov/ficosO  =  v'(27r/X)2<i  -  do  ~  siV '•  (66) 

ft?,  =  (feiif,  -  ViiV'2  =  i'-\\  (67) 

Jt“2,  =  t|l  -  (%)A#<v,]fefo  -  /88««.  (68) 

it-S,  =  111  -  OA-IMn^ac.  -  (69) 

*?„  =  (fcSra  -  /S8)'«  =  ili".  HO 

k$s  =  {kh*-Vl  (4D 
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FIG.  5  Zerotb-order  transmitted  beams  for  L  =  D,/2.  M  =  1  X  10  *.(, 
=  I.Ojj  =  2  25.  <3  =  3.0.  A  =  0  6328  /urn,  d  =  1  2656  dm.  D,  =  8  3193 
mm.  W0  =  500.  C  =  14.4775°.  fl{ ?’  =  8.2989°. 


and  kg  =  27t/A. 

By  substituting  ('281  and  (291  into  (261  and  (271,  the  Car-field 
patterns  for  the  zeroth-order  transmitted  beam  and  the 
Bragg-scattered  beam  are  obtained  for  a  Gaussian  beam 


profile  and  are  shown  in  Figs.  6  and  7.  The  slab  width  has 
been  chosen  for  two  cases,  namely,  L  *  I) i/4  and  Dj/2,  and 
D  i  is  defined  as 

Dx  -  — cotflg'-— H  (42) 

<J  0  ft 

where 


q  =  2(d/\)2M(->, 


and 

in  =  \  GTirTmT^: 

The  meaning  of  l)\  is  that,  for  a  slab  width  L  =  I) i/2  and 
for  a  plane  wave  incident  at  exactly  the  first  Bragg  angle, 
complete  conversion  of  energy  occurs  from  the  zeroth-order 
wave  into  the  Bragg-scattered  wave.  The  zeroth-order  lieams 
for  L  =  l) i/2  for  six  different  beam  profiles  are  shown  in  Fig. 
.r>  and  the  Bragg-scattered  lieams  for  /.  =  / J 1/2  for  six  different 
beam  profiles  are  shown  in  Fig.  6.  It  is  seen  from  Fig.  ">  that 
all  the  beams  have  a  deep  null  at  the  lieam  center  and  that  the 
square-wave  beam  profile  gives  high  side-lobe  ripples  while 
the  Lorentzian  beam  profile  gives  wide  beam  width  for  the 
zeroth-order  beam.  The  physical  reason  for  these  deep  nulls 
is  that, at  l.  =  l)\/2,  the  central  portions  of  the  beam  spectra 
of  the  zero-order  waves  have  completely  converted  their 
energies  into  the  Bragg-scattered  waves,  which  results  in  a 
depletion  of  energies  from  their  beam-center  portions,  as 
shown.  For  the  Bragg-scattered  beams,  it  is  seen  from  Fig. 


FIG  6  Bragg-centered  beams  tor  I.  =  D,/2.  M  = 
1  X  It)-4,  r,  =  10.  t?  =  2  25.  r3  =  3  0  X  =  0  6328 
dm.  d=  1.2656  pro,  D,  =  8  3193  mm.  W„  =  500. 
S'o'  =  14  4775°  and  If?'  =  8  2989° 
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b  that  the  beam  widths  are  about  the  same  lor  all  beam  pro 

tiles. 
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